Purpose. Respiratory tract infections (RTIs) are responsible for over 2.8 million deaths per year worldwide with pathobiont carriage a required precursor to infection. We sought to determine carriage epidemiology for both bacterial and viral respiratory pathogens as part of a large population-based cross-sectional carriage study.
INTRODUCTION
Respiratory tract infections (RTIs) remain a significant cause of mortality worldwide, with 2.8 million deaths resulting from lower RTI and a further 3000 deaths resulting from upper RTI in 2010 [1] . An estimated six million individuals in the UK visit their general practitioner each year regarding a RTI, posing a substantial burden on the health service [2] .
Microbial carriage of pathogens in the upper respiratory tract is a precursor to RTI, meningitis and sepsis and can also facilitate the transmission of microbes between individuals. Carriage is a dynamic process involving fluctuations of species and strains [3] . The interactions and interplay between bacterial and viral species within the respiratory tract is thought to affect the shift from asymptomatic carriage to serious invasive illness [4] . Such interactions will be driven by species presence and diversity of the resident communities of the respiratory tract. Here diversity in species richness and abundance is thought to offer protection from invading pathogens and overgrowth of a single species [5, 6] . It is likely that the dynamics of community structure may impact on infection risk. Species diversity can be measured as the presence of different species within the respiratory tract (inter-species diversity) or the presence of different bacterial strains and types of a single species (intra-species). The former can be assessed using conventional culture methods or molecular techniques such as real-time PCR and 16S rRNA gene sequencing [7, 8] . Intraspecies analysis gives insight into the distribution of different types of a species that may display different capacities for disease. It requires techniques such as serotyping and multilocus sequence typing (MLST) [9] [10] [11] [12] , or expansions of the MLST methodology such as whole-genome MLST (wgMLST) [13] and ribosomal MLST (rMLST) [14] .
The processes that sustain biodiversity may involve species occupying more or less distinct ecological niches, or they may involve neutral processes of stochastic zero-sum dynamics amongst more or less identical species [15] . Niche dynamics describe the distinct nutritional and environmental influences that determine the occurrences and abundances of different species [16, 17] . Neutral dynamics describe stochastic influences on species abundance and diversity, such as birth, death, immigration, dispersal and speciation [5, 18] . These alternative dynamics have been much studied in terms of species distribution and community assembly patterns for plant-insect [19] , plant-fungi [20] and parasite-fish [21] interactions. They have not, to our knowledge, been applied to respiratory tract microbial ecology.
Here, we aim to understand how bacterial and viral species maintain diversity within the respiratory tract, the nature of their interactions and the factors influencing community assembly and colonization. To our best knowledge, this is the first study that aims to discern multispecies epidemiology using a broad cross-sectional community cohort with the added dimension of seasonality. This was achieved using culture-based techniques, molecular methods, mathematical modelling and the application of ecological models.
METHODS Sample collection and analysis
Nose self-swab samples were collected as part of a large population-based cross-sectional carriage study undertaken with two separate time-points, May to August 2012 (late spring/summer) and February to April 2013 (winter/early spring), following protocols described in a previous publication [22] . Briefly this involved the collection of nose swabs (not nasopharyngeal) from individuals of all ages from 20 general practitioner (GP) practices from the South-East hub of the Wessex Primary Care Research Network (Fig. S1 , available in the online version of this article). Samples from the two time-points were collected from different individuals. Fig. 1 depicts the structure of the study. Following self-swabbing, patients returned their swabs via mail to the laboratory. Swabs were immersed into skimmed milk, tryptone, glucose and glycerine (STGG) storage media and analysed for the presence of six bacterial species: Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Staphylococcus aureus, Pseudomonas aeruginosa and Neisseria meningitidis using standard microbiological identification techniques (methodology described in Supplementary Methods 1). Information on age, recent use of antibiotics, recent respiratory tract infection and vaccination status of the patient was gathered using a patient questionnaire, which was completed around the time of swabbing and returned with the swab.
Overall participation rates for this study have been described previously [22] . The study sought to collect 505 nose swabs from individuals aged 4 years and 800 nose swabs from individuals aged !5 years in each of the timepoints. This would enable carriage to be estimated with 95 % confidence to within 4 % for individuals 4 years and to within 2.8 % for individuals !5 years; based on 30 and 20 % predicted carriage, respectively.
Statistical analysis
Binary logistic regression (SPSS, version 20) determined the effect of patient characteristics and demographic factors on carriage of the target bacterial species. Univariate logistic regression was used to pre-select variables for inclusion in the final model (at type-I threshold a=0.10). Multivariable binomial logistic regression was then performed using these pre-selected variables, followed by backward elimination of those not meeting a type-I threshold a=0.05 within the final model. Crude and adjusted odds ratios (OR), 95 % confidence intervals and P-values were recorded. Final model fit was assessed using Nagelkerke pseudo-R 2 values and receiver operating characteristic (ROC) analysis for calculation of the area under the curve (AUC). High pseudo-R 2 values and an AUC significantly different from 0.5 indicate a model that predicts carriage better than chance variation.
Variables considered for inclusion by univariate analyses included age (in years), recent RTI (self-reported, RTI within a month prior to swabbing), geographical location (practices were grouped into six geographical areas), recent use of antibiotics (self-reported, antibiotics taken within a month prior to swabbing), immunization status (selfreported, immunizations in-line with the national schedule), season (winter or summer swabbing) and presence of other microbial species within the same sample.
Phenotypic and epidemiological typing
Phenotypic and epidemiology typing of S. pneumoniae, H. influenzae and S. aureus was performed in order to determine serotype and sequence type of isolates. PCR serotyping was used to determine serotypes of S. pneumoniae and H. influenzae identified within summer samples only. In silico serotyping was used to determine serotypes of S. pneumoniae and H. influenzae identified within summer and winter samples. Methicillin resistance typing was done on S. aureus isolates identified within both summer and winter samples to determine the prevalence of methicillinresistant S. aureus (MRSA).
Nucleic acid extraction
For serotyping and whole genome sequencing, genomic DNA was extracted from bacterial colonies using the QIAamp DNA Mini Kit Blood (Qiagen, Germany) according to the manufacturer's protocol. For real-time PCR, nucleic acid extraction (DNA and RNA) from STGG samples was undertaken using the QIAxtractor automated nucleic acid purification instrument and QIAamp Viral RNA Mini kits (Qiagen, Germany) according to the manufacturer's vaccum protocol.
PCR serotyping S. pneumoniae isolates were serotyped using the Centre for Disease Control and Prevention (CDC) protocol [9] . This involved eight separate PCR reaction pools covering 40 of the most common pneumococcal serotypes (Table S1 and Supplementary Methods 1).
Whole genome sequencing All S. pneumoniae and H. influenzae isolates were sequenced, where re-culture was possible from frozen STGG samples. Sequencing libraries were prepared using Nextera XT (Illumina, USA). Whole genome sequencing was performed using the Illumina MiSeq paired-end chemistry (2Â150 bp or 2Â250 bp). Adapter sequences and lowquality regions were removed using Trimmomatic (Usadel Lab, 0.32), quality control of reads was performed using FastQC (Babraham Bioinformatics, version 0.11.2) and then assembled de novo using Velvet (Victorian Bioinformatics Consortium, version 2.2.5) [23] . Assemblies were then improved using AssemblyImprovement (Wellcome Trust Sanger Institute, version 1.140300).
In silico serotyping
In silico PCR analysis was undertaken using iPCRess (European Bioinformatics Institute, Exonerate package, version 1.2.0). Primer sequences for in silico serotyping used in iPCRess are shown in Table S2 .
MRSA typing
S. aureus isolates were tested for methicillin resistance by plating out 10 µl of pure culture stored in STGG onto Brilliance MRSA Agar (Oxoid, PO1162) and incubating at 37 C for 18-20 h. The presence of denim blue colonies of the plates was indicative of MRSA.
Real-time PCR
A subset of nose swabs (N=190) was analysed by real-time PCR to detect the presence of S. pneumoniae, H. influenzae, M. catarrhalis, S. aureus, P. aeruginosa, N. meningitidis, respiratory syncytial virus, influenza viruses A and B, rhinovirus/enterovirus, coronavirus, parainfluenza viruses 1-3 and adenovirus. Details of primers and probes used in the real-time PCR reaction are listed in Table S3 . PCR mastermix and cycling conditions are detailed in Supplementary Methods 1. The subset was randomly chosen following stratification of all samples based on age groups (0-4, 5-17, 18-65, 65+) and geographical location.
Quantification of bacterial species
Standard curve methodology was used for quantification of bacterial species. Reference strains of S. pneumoniae (ATCC 49619), S. aureus (clinical isolate), H. influenzae (NCTC 11931), M. catarrhalis (clinical isolate), P. aeruginosa (NCTC 10662) and N. meningitidis (MC58) were used to make 1-2 McFarland solutions in 1 ml UHQ water. Tenfold series dilution of each bacterial solution were prepared up to 10 À9 and plated out in triplicate 10 µl spots onto CBA (or chocolated CBA for H. influenzae). Following incubation at 37 C for 24 h (with 5 % CO 2 for S. pneumoniae, H. influenzae, M. catarrhalis and N. meningitidis) plates were counted and c.f.u. ml À1 values calculated for each dilution. All dilutions were also extracted using the QIAxtractor nucleic extraction and amplified in duplicate on the RotorGene Q. The c.f.u. ml À1 for each dilution was then correlated to a given C T value to create a standard curve for each species, which was then used for quantification.
Ecological analysis
All ecological analyses used real-time PCR results for bacterial species from nose swabs (N=190 species).
Nestedness
Nestedness is a measure of organization within an ecological system that quantifies the ordering of species incidence across space or time. A strongly nested system has a highly predictable sequence of species incidence amongst samples, while a weakly nested system has a more random turnover of species incidence. A nestedness tool, PlotTemp.R, was used within the R graphical user interface [24] to determine spatial ordering amongst nose-swab samples analysed with real-time PCR. Real-time PCR datasets were converted to incidence matrices of the presence/absence of each species in each sample. The plot_temp script shuffles each matrix to rank its rows of samples by their richness (most species rich at top) and its columns of species by their incidence (most frequently present to left). Within the final shuffled matrix, presences are represented by red squares and absences by white squares. Their locations in the matrix are compared to a line of perfect fill that would encompass all presences if they were perfectly packed towards the top-left of the matrix. This line then reveals the locations of 'surprise' presences lying to its right and 'surprise' absences lying to its left. The degree of disorder in the matrix is reported as a matrix 'temperature', ranging from 0 to 100 , calculated as a function of the sum across all surprises of squared deviations from the line of perfect fill. Low temperatures reveal strong nesting, characteristic of highly ordered systems, and high temperatures reveal weak nesting, characteristic of disordered systems. Nestedness was compared between groups of individuals partitioned by age, recent RTI and season.
Species distributions
The distributions of the different bacterial and viral species across swab samples were analysed by plotting the observed frequencies of 1, 2, 3, … species within swab samples. This observed distribution was compared to the Poisson distribution as a null model of random species affiliations. Deviations of observed frequencies from Poisson expectation were detected with P<0.05 in a X 2 goodness-of-fit test. Narrower and more peaked distributions than Poisson expectation indicated a more regular than random distribution, with many swab samples containing a similar number of species, providing indirect evidence of mutual repulsion in competition. Wider and flatter distributions than Poisson expectation indicated a more clumped than random distribution, with many swab samples containing few or numerous species, providing indirect evidence of mutual attraction in facilitation. Frequency distributions were compared between groups of individuals partitioned by age, recent RTI and season.
Community assembly patterns
Plots of ranked species abundances, measured as bacterial concentrations in c.f.u. ml À1 , were evaluated against MacArthur's broken stick model of neutral community assembly. This model compares an ecological environment to a stick that is broken at random points to produce fragments of lengths that represent the abundances of different species [25, 26] . Deviations from neutral expectation were detected with P<0.05 in a X 2 goodness-of-fit test. Observations of rare species below neutral expectation indicate niche characteristics of a dominance hierarchy, while observations of rare species above neutral expectation indicate niche characteristics of resource segregation [15] .
RESULTS

Participants
A total of 2103 patients from 20 GP practices across the South-East hub of the Wessex Primary Care Research Network participated in self-swabbing across the two timepoints. The characteristics of the study participants are shown in Table 1 . Study participants were characterized as having a mean age of 38.7 years (SD 29. Carriage of bacterial and viral species Unadjusted and age group-specific prevalence of bacterial and viral species carriage within nose swabs detected by culture and real-time PCR are shown in Tables 2, 3 and 4. All 2103 nose samples were analysed by culture and a subset of 190 nose samples were analysed by real-time PCR. Carriage was higher in younger age-groups (0-4 and 5-17) for S. pneumoniae, M. catarrhalis and H. influenzae. Conversely higher carriage levels were observed for S. aureus in the older age groups. Comparatively lower incidences of P. aeruginosa or N. meningitidis carriage were observed (Tables 2 and 3 ). Prevalence of bacterial species were higher using real-time PCR detection versus culture detection. Viral carriage was shown to be dominated by rhinovirus/enterovirus (13.2 %), coronavirus (10 %) and RSV (6.8 %) ( Table 5) . Modelling of viral species prevalence was not possible due to small numbers of viruses detected within this sample set, hence only descriptive statistics are shown in Table 6 for RSV, adenovirus, rhinovirus/enterovirus and coronavirus.
Phenotypic and epidemiological typing Serotyping
Within the 212 swab samples positive for S. pneumoniae, 214 isolates were identified, with two samples demonstrating two distinct S. pneumoniae colony morphologies. Five of the 214 isolates could not be re-cultured from the frozen STGG. All of the remaining 209 S. pneumoniae isolates were serotyped, 10.5 % (n=22) of which were PCV7/PCV13 vaccine types, 85.2 % (n=178) non-vaccine types and 4.3 % (n=9) non-typeable/ unknowns. The most common serotypes were 11A/D (11.5 %, n=24), 6C (8.6 %, n=18), 15B/C (8.6 %, n=18), 24A/B/F (6.7 %, n=14), 23B (6.7 %, n=14), 19A (6.2 %, n=13) and 35F/47F (6.2 %, n=13). Of 79 H. influenzae, isolates, six could not be re-cultured from the frozen STGG. All of the remaining 73 H. influenzae isolates were serotyped, all of which were identified as non-typeable H. influenzae (NTHi).
MRSA screening
A total of 12 (2.9 %) MRSA isolates were identified within 409 nose isolates of S. aureus tested. This included ten (3.8 %) in summer nose swabs and two (1.4 %) in winter nose swabs.
Species organization and community assembly patterns
Nestedness Microbial species showed a more ordered incidence across samples, indicated by lower nestedness temperature, Fig. 2 shows the more disordered turnover of species between samples for recently ill individuals (Fig. 2a) compared to healthy individuals (Fig. 2b) .44, df=5, P=0.009). These classifications had wider frequency distributions than Poisson expectation, with more occurrences of few or many species than would be expected from a random distribution. This wider distribution indicates clumping of species. In particular, S. pneumoniae, M. catarrhalis and H. influenzae were shown to co-occur (S. pneumoniae -M. catarrhalis Fig. 3 ). Within these classifications, rarer species had lower abundances than neutral expectation, indicative of niche characteristics of a dominance hierarchy (cf. Fig. 3a for the 0-4 year age classification with no difference from neutral, and Fig. 3(b-d) 
DISCUSSION
Understanding the prevalence and community distribution of bacterial and viral pathogens, particularly where carriage is a prerequisite for progression to disease, is a key undertaking in the on-going development of interventional responses to changing epidemiology. Here we set out to determine the distribution of pathobiont bacterial and viral species commonly associated with RTIs using both culture and culture-independent approaches and ecological models of community assemblage as well as co-occurrence. Using multivariate analysis of microbial prevalence, we demonstrated that age affects carriage for a number of bacteria and viruses, with young participants experiencing higher carriage of S. pneumoniae, H. influenzae, M. catarrhalis and rhinovirus/enterovirus. Recent RTI was also associated with increased prevalence of S. pneumoniae, rhinovirus/enterovirus and coronavirus. Epidemiological typing revealed few vaccine type S. pneumoniae and H. influenzae within this set of isolates, which is indicative of the effectiveness of current PCV-13 and Hib vaccines in targeting specific serotypes as well as the effect of herd immunity in protecting individuals within age groups unlikely to have received these vaccines [27, 28] . The high proportion of non-vaccine type (NVT) S. pneumoniae reflects the process of serotype replacement as a result of vaccination, although it is not thought to lead to future large increases in the incidence of invasive disease caused by NVTs [29, 30] . The identification of increasingly common NVT serotypes 6C, 11A/D and 23B and non-typeable H. influenzae provides important information for the epidemiological assessment of vaccines and for the development of future vaccines.
The ecological analyses showed a relatively high degree of ordering (nesting) in the incidence of species amongst the respiratory tract communities of older participants, those without recent RTI, and amongst winter samples, in Table 6 . cont. contrast to a more disordered turnover amongst young children, those with recent RTI, and summer samples. Lower levels of nestedness in these individuals may be related to the reduced isolation of species, allowing greater transmission, and the role of the immune system in maintaining species diversity. Furthermore, communities within the respiratory tract were found to have a clumped frequency distribution of species (either few or many species present) amongst young individuals, consistent with facilitative relationships occurring between the species within the upper respiratory tract. Facilitative relationships may enhance transmission opportunities and survival of species carried in the respiratory tract. Respiratory species abundances were more consistent with a dominance hierarchy than a neutral assembly model for older participants, those without recent RTI and summer samples, but not for other classifications. There are likely to be both niche and neutral processes involved in microbial community formation in the upper respiratory tract, with speciation and the environment playing key roles [31, 32] . The evidence that niche processes tend towards dominance hierarchies rather than resource segregation suggests that the microbial species compete for similar resources; moreover, communities may have fragile coexistence equilibria, with some dominant competitors functioning as keystone species capable of triggering cascades of extinctions [15] . Further development of ecological methodologies will allow predictions of microbial variation as a result of infection, season and increasing age. Monitoring communities in states of health and disease is important for generating knowledge that will be useful in clinical practice [33] .
Inferences from this study should be understood in the context of a number of methodological constraints. The characteristics of the 21 % (n=2103) of responders may differ from those of non-responders. Additionally, self-reported variables of RTI and vaccine status, that being having had all vaccines for which the individual is eligible, may of course not be an accurate. The study focused on a limited number of species and did not account for species such as Group A Streptococci which may play an important role within this sample site as well as other species. Furthermore, the swab samples used were not optimized for the detection of viral species. Our previous work, however, does demonstrate that self-taken nose swabs are as effective for the detection of S. pneumoniae, H. influenzae, S. aureus and P. aeruginosa as HCP-taken nasopharyngeal swabs [22] . The questionnaire used for the study was designed for simplicity and ease of completion. This meant that information was not collected on a number of important factors, including smoking status, siblings, and attendance at nursery or day-care facilities. It is likely that absence of these factors may have impacted some of the models, such as that of S. aureus. Samples assessed by real-time PCR were limited by the number of species that were targeted, limited number of samples as well as the non-random nature of their selection, therefore results should be interpreted with caution. The ecological models ignore acquired or specific host immunity, which can influence the ecology of the respiratory tract [34] . The combined analysis of bacterial and viral species, and the combined analysis of all RTIs, may also be simplistic. Neutral theory assumes no variation in the total number of species within a community whilst niche theory ignores dispersal [35, 36] . The quantification of nestedness provides only a single measure of matrix temperature per classification of samples, ruling out significance testing.
The study has provided key epidemiological information on spatio-temporal patterns and trends amongst circulating bacterial species and types. Specifically, we have demonstrated the impact of age and season on the distribution of both bacterial and viral pathobionts, and shown clear intergenus associations of co-carriage between S. pneumoniae, M. catarrhalis and H. influenzae. These epidemiological findings on circulating respiratory tract pathogens, which includes the distribution of strains and serotypes amongst different age demographics, underpins our ability to assess risk in these populations and therefore ultimately informs the development of new treatment and prevention strategies as well as targeted and effective antibiotics and vaccination policies.
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This work was funded by the Bupa Foundation and the Rosetrees Trust. Fig. 3 . Species abundance curves (c.f.u. ml À1 ) for nose swabs by age group. Dots show species abundance, dashed line is MacArthur's broken stick model of neutral community assembly; deviations with X 2 P-value<0.05 are in bold.
